INTRODUCTION
NASA and its contractors are developing freepiston Stirling engine technology for converting thermal energy into electrical energy (Stirring, 1988) . Anticipated missions for this technology are long-life equipment for lunar bases, space platforms, and space exploration initiatives (SEI).
Representative goals for these missions are a life of 60,000 hr, power converter specific mass less than 6 kg/kWe, and conversion efficiency greater than 25 percent (defined as net electric power out divided by thermal ix:aver delivered to the engine heater head).
As part of the Stirling Space Power Converter (SSPC) program, a Reference Stirling Space Power
Converter
(RSSPC) design is maintained and periodically updated.
The RSSPC is a 50 kWe space power converter which embodies the latest advances in design concepts and technology de- • Very low bearing system losses leading to improved overall RSSPC efficiency.
• Magnetic bearings can be electrically energized (levitated) at any time, whether or not the RSSPC is operating (assuming that electric power is available).
• (Stolfi, 1985) . optimistically, increase net output power by 0.2 to 0.8% compared to bearings using dc bias. Weighing this minimal increase in power against the immature state of permanent magnet bias, the added mechanical complexity of incorporating permanent magnets into the bearings, and the probable increase in bearing system weight, it was decided not to pursue permanent magnet bias at this time.
DESIGN OF MAGNETIC BEARINGS FOR RSSPC
Prior to proceeding with detailed bearing design, the following general guidelines were established.
• Maxirm,rn Bearing Load Capacities. Missions for the SSPC (or any other dynamic space power conversion system) do not exist at this time. Thus there are no mission requirements that could be used to establish maximum loads for the RSSPC magnetic
bearings. An arbitrary decision was made to evaluate magnetic bearing designs based on a 7-g limit load factor.
• Maximum Radial Displacements. Clearance seals for the displacer and power piston gas springs establish the maximum allowable excursions of the displacer and power piston assemblies. Since the seals should not rub, it was decided that maximum radial excursions would be limited to 25% of the design radial clearance of the seals. This allows a reasonable margin for factors such as distortions due to differential thermal expansions, long-term dc shifts in sensor calibration, and accommodation of quasi-steady-state bearing loads as might be imposed by station-keeping maneuvers.
• Changes to RSSPC Design to Incorporate Magnetic Bearings
would be permissible provided they did not result in a degradation of thermodynamic performance or an increase in the size of the pressure shell.
• LocationofMagneticBearingElectronics.
Solid-stateelectronics operating at 525 K are not currently feasible. Thus low-temperature coolant fluid penetrations through the RSSPC pressure shell would be required to cool any electronics located within the shell. Alternatively, the bearing electronics could be located externally where temperatures can be more easily maintained at acceptable levels. This would result in greatly improved accessibility of the electronic modules for service or replacement. The price for this accessibility is a large number of electrical coil and sensor leads that must hermetically penetrate the pressure shell. From a system reliability standpoint, it was assumed that external location of the electronics would be preferable.
MAGNETIC BEARING CONFIGURATION -From the standpoint of integrating magnetic bearings into the RSSPC, it was apparent that minimizing radial depth of the electromagnet assemblies was more important than minimizing bearing length. Accordingly, an E-shaped lamination was selected for the electromagnets with the coil wound around the center leg. With this arrangement, only the length of the coil (rather than its diameter) would influence radial depth of the electromagnet. Ferromagnetic (soft iron)
armatures for each electromagnet are attached to the moving piston and displacer assemblies. To keep moving mass of the armatures to a minimum, an axial flux path was selected (i.e., armature flux path in the same direction as piston reciprocation).
Sizing of the bearings was done using a magnetic bearing computer code. Maximum flux density was taken to be 1.8 T; this corresponds to the use of high-saturation-flux iron-cobalt-vanadium alloys for all the magnetic materials. All of the magnet coils were assumed to have 100 turns. The zero-eccentricity air gap for all electromagnets was specified to be 0.005 in., which is 5 to 7 times the radial clearance of the various piston and displacer seals. LOAD CAPACITY AND POWER CONSUMPTION -Calculations were made for the power piston bearing at bias currents of 1, 1.5, and 2 A. Overall E-lamination length was 2 in. Maximum load capacity of one bearing was calculated to be 274 lb, independent of bias current. This maximum load capacity corresponds to one electromagnet operating at 1.4-T flux density (total coil current of 2.8 A) and the opposing electromagnet operating at zero flux density (zero coil current). At bias currents of 1 and 2 A, the openloop side-pull gradient of the bearing was -27,570 and -110,300 Ib/in, respectively. To achieve a net positive bearing stiffness of 40,000 Ib/in (the minimum deemed acceptable), open-loop proportional gains of 67,570 and 150,300 lb/in, must be used.
Assuming a power piston mass of 45 Ib equally distributed between two bearings, the maximum bearing load corresponding to a load factor of 7 g is 158 Ib per bearing. To prevent contact of the piston gas spring seal, the bearing stiffness must be about 275,000 lb/in., requiring an open-loop proportional gain of about 385,000 lb/in for a bias current of 2 A. Gains of this magnitude may result in unstable bearings; the bearings would probably require increased pole area, and hence size, to meet a 7-g stiffness requirement.
The amount of de bias required will depend on the magnitude of the small-amplitude stiffness required; higher stiffnesses require higher bias currents and higher proportional gains. If dynamic analysis shows that a bearing stiffness of 40,000 lb/in, is acceptable, then a 1 A bias current can be used. De _:m, er consumption per bearing due to the bias current varies from 12 W at 1 A to 48 W at 2 A (coil losses only). While these losses may seem high compared to other magnetic bearing applications, it must be remembered that at the coil operating temperature of 550 K (530"F) the resistivity of copper is twice its room temperature value.
Total power consumption in the coils will depend on the magnitude of the bearing control current as determined from bearing system dynamic analysis. Assuming a bearing displacement amplitude of 0.5 rail, the analysis predicts a maximum dynamic control current amplitude of 0.29 A. Power loss due to this control current would be 0.5 W per bearing which can be neglected compared to the bias power loss.
The inductance and room temperature coil resistance of each electromagnet will be about 0.039 H and 1.5 n, respectively. These values yield an intrinsic room temperature time constant for each electromagnet of 0.026 sec. At the RSSPC operating temperature, coil resistance will increase to about 3.0 t_ with a corresponding reduction in time constant to 0.013 sec.
FI'I"I'ING MAGNETIC BEARINGS TO RSSPC
MECHANICAL DESIGN - Figure 2 shows a cross-section of the magnetic bearing assembly for the RSSPC power piston. The eight bearing electromagnets are shown mounted inside the bore of the piston via an arbor that is bolted to the end of the power piston
that a strong anti-rotation torque is provided by the magnetic circuit design of the alternator.
When energized, the magnetic bearings will also provide anti-rotation torque. Since beryllium has a higher coefficient of thermal expansion than titanium, the shrink-fit interference at room temperature is of the order of 0.010 in. Careful design of the resulting composite structures, particularly the piston structure, is required to minimize thermal distortion at RSSPC operating temperature and to ensure long-term dimensional stability.
Gas
After considerable effort to incorporate magnetic bearings into the displacer assembly, it was concluded this couM be done only by increasing the diameter of the RSSPC cooler and regenerator to allow OD mounting of the bearing electromagnets.
This would also require increasing the RSSPC pressure shell diameter.
The result of these modifications would be reduced RSSPC efficiency and increased weight, which were unacceptable under the study guidelines. Internally mounting the electromagnets at the dome end of the displacer was likewise infeasible because of the numerous passages and ports associated with operation of the gas springs. During the conduct of this study, an alternative RSSPC concept was introduced, the "relative-displacer" RSSPC. In it, the displacer is sprung via gas springs from the power piston, rather than from the engine frame. Although not discussed herein, magnetic bearings were found to be feasible for the displacer as well as the power piston of the relative-displacer RSSPC (Curwen et al, 1991) . HEAT TRANSFER -Losses for the power piston bearings will range from 12 to 48 W per bearing, depending on the amount of bias current required. Based on conservative calculations for a loss of 48 W, the maximum coil temperature will be about 310"C (Cut 'wen et al, 1991) . While this is less than the 325"C maximum temperature predicted for the alternator coils, it falls in the same category in the sense that a proven wire insulation that will last for 60,000 hr has not yet been identified.
Mechanical design of the electromagnet coils, particularly the means for holding them in position while maintaining good thermal coupling between the coils and the E-lamination stacks, will probably be the most difficult aspect of magnetic bearing design for the RSSPC. This is solely the result of the temperature levels involved. In this regard, current development work being performed by Pratt & Whitney Aircraft for the U.S. Air Force is highly pertinent since this work is directed at magnetic bearing temperatures of 400°C (Hibner & Bansal, 1991) . EFFECT ON RSSPC MASS -Calculated weight of the stationary iron and coils for one bearing is 1.1 kg (2.5 lb). For a piston stroke of 1.4 in., the weight of moving iron for one bearing is 0.8 kg (1.8 Ib).
Total electromagnetic weight for one power piston magnetic bearing is then 1.9 kg (4.3 Ib).
Including mounting hardware, estimates of magnetic bearing system mass and specific mass for one 25-kWe RSSPC engine module (i.e., two bearings supporting one power piston) are 7.0 kg and 0.28 kg/kWe, respectively. Because there is very little mass directly attributable to the gas bearings, incorporation of magnetic bearings into the RSSPC will increase total mass over that of the gas bearing RSSPC by essentially the amount of the magnetic bearing system mass. The specific mass goal for the RSSPC is 6 kg/kWe. Thus the increase in RSSPC specific mass due to incorporation of power piston magnetic bearings represents 5% of this goal. These mass estimates do not include the mass of the magnetic bearing electronics. RSSPC EFFICIENCY -The overall efficiency predicted for the RSSPC with hydrostatic gas bearings is 27.4%. Losses due to the power piston bearings are estimated to be 315 W per RSSPC module; this represents 280 W of lost electric output at an alternator efficiency of 89 percent. The magnetic bearing system losses including control electronics range from 43 to 146 W; the predominant factor influencing this range is the amount of bias current.
Thus net power output per module will increase by 135 to 238 W with magnetic bearings; the corresponding improvement in overall RSSPC efficiency will be 0.5 to 1% (0.1 to 0.3 efficiency points).
DYNAMICS OF RSSPC ENGINE-BEARING SYSTEM
An important aspect of applying magnetic bearings to the RSSPC is ensuring that the dynamics of the resulting engine-bearing system are acceptable.
System dynamics as discussed here pertain to both intrinsic system stability and response of the magnetically supported power piston to internally and externally imposed excitation.
Extensive dynamics studies were performed for the SSPC (Stirling, 1988) . These studies revealed that angular misalignments of the SSPC displacer and power piston relative to their various clearance seals can produce significant dynamic radial gas forces at reciprocating frequency. Under conditions of low bearing stiffness, it was shown that the piston-bearing system can be unstable as a consequence of these seal forces. Since magnetic bearings have significantly lower stiffness than gas bearings, and also require closed-loop feedback techniques to overcome their inherent instability characteristics, thequestion of overall RSSPC system stability received highpriority inthisstudy.
UNDAMPED OPEN-LOOP NATURAL FREQUENCIESUsing data forthemasses andinertias ofthepower piston together withthecorresponding center ofgravity andbearing locations, the two undamped rigid body natural frequencies were computed forthe coupled translational andangular displacement modes ofthepower piston. These natural frequencies areplotted asfunctions ofbearing stiffness in Figure 3 . Constant bearing stiffness andopen-loop system configuration (i.e., nofeedback loops) were assumed.
Ina transverse .1-g gravitational field, thereciprocating motion of thepistons willgiveriseto anexciting moment atthesecond harmonic ofreciprocating frequency. Accordingly, it is desirable that both rigid-body natural frequencies be well removed from, and preferably above, both the fundamental and second harmonic of the RSSPC operating frequency. Figure 3 illustrates that the first natural frequency is very close to the 70-Hz RSSPC operating frequency for a bearing stiffness of 40,000 Ib/in. Furthermore, for this stiffness the second natural frequency is very close to the second harmonic of operating frequency. This implies that significant damping may be required to minimize vibration amplitudes. Potential sources of damping are gas film damping from the piston gas spring clearance seal and electromagnetic damping from the magnetic bearings. However, it would be desirable to have higher bearing stiffness, say 80,000 lb/in., so that the first natural frequency would be substantially above the RSSPC operating frequency. In a qualitative sense, the more that open-loop natural frequencies can be increased above RSSPC operating frequency, the greater will be the likelihood of stable closed-loop operation. Of course, the true dynamic response will be determined by the c!osed-loo p dynamics of the magnetic bearing-piston system. The hydrostatic gas bearings used in the RSSPC have predicted stiffnesses greater than 600,000 lb/in. At these high stiffnesses, the 70-Hz RSSPC operating frequency falls well below all of the power piston natural frequencies.
In addition, the hydrostatic bearings provide a large amount of damping.
Accordingly, stable operation of the RSSPC has been predicted. Testing under the SSPC contract has so far confirmed these predictions.
RSSPC DYNAMIC RESPONSE
-Under the SSPC program, existing hydrostatic bearing and _al an_lysis computer codes were combined into a PC-based, time-stepping, graphics-output code to evaluate transient response and stability of the RSSPC under the influence of alternator, bearing, seal, and porting forces. This code accounts for both axial and circumferential flow components in the hydrostatic bearings and clearance seals, and allows for both transverse and angular rigid-body degrees of freedom. The code allows mid-stroke ports or grooves to be incorporated into seal regions, and accounts for time-varying boundary pressures at the ends of bearings and seals, as well as time-varying supply and exhaust pressures for ports.
Under the current effort, this code was extended to allow modeling of magnetic bearings, including closed-loop proportional, integral, and derivative ( These settings were varied (the same for both bearings) to achieve system stability.
• Open-loop proportional gain at 70 Hz: 150,300 Ib/in
• Open-loop derivative gain at 70 Hz: 100 lb-sec/in
The effective stiffness of each bearing at 70 Hz (i.e., at RSSPC operating frequency) is the sum of the open-loop proportional gain and the magnetic side-pull gradient, or 40,000 lb/in, for the initial proportional setting.
The design-point radial clearance of the piston gas spring seal was 0.0007 in. Calculations were made for significant variations around this nominal clearance.
Alternator side-pull (from as-built eccentricities) was taken to be 50 Ib with an alternator side-pull gradient of-10,600 Ib/in. Both 0-g and 1-g conditions were evaluated with respect to total bearing loading.
The nominal bearing and coil driver parameters yield stable solutions in the absence of any seals. In the absence of excitation forces (no loading from seals, ports, alternator, or gravity), a simple, slightly underdamped transient response was obtained without any steady-state oscillations. Figure 4 shows that the introduction of a constant 50-1b alternator side-pull force produces a steady-state 70-Hz response amplitude of 0.03 rail at the piston center of gravity. In other cases, proportional and derivative gains were increased and the piston gas spring seal was included with radial clearances from 0.3 to 1.5 rail. All of these eases produced stable responses for a characteristic time of 0.1 msec for the coil driver circuits. As would be expected, increases in proportional gain resulted in smaller steady-state response amplitudes. Figure 5 , for the nominal gain settings and all anticipated forcing functions active, shows that the response transient decays rapidly at the 0.7-mil design clearance of the gas spring seal. The final steady-state response of Figure 5 clearly shows a small second-harmonic component of RSSPC operating frequency due to the 1-g gravitational field assumed for this calculation. Based on this investigation, stable operation of the RSSPC on magnetic bearings is feasible; However, stability cannot be taken for granted. Considerably more investigation is needed to fully understand the stability characteristics of this type of machinery.
It is clearly a complex dynamics situation with a number of possible significant parameters.
CONCLUDING REMARKS
Magnetic bearings appear to offer a technically feasible alternative for the RSSPC power piston assembly and, in the case of the relative.displacer RSSPC, for the displacer assembly as well.
Magnetic bearings overcome the major concerns of hydrostatic gas bearings, namely start/stop sliding and orifice plugging. However, they also increase system complexity and require more penetrations of the engine pressure shell.
Use of magnetic bearings on the RSSPC power piston will improve overall efficiency by 0.5 to 1% (0.1 to 0.3 efficiency points), depending on the amount of bias current required for the magnetic bearings. At the same time, magnetic bearings will increase total mass of the RSSPC by approximately 14 kg. This increase represents 5% of the 6 kg/kWe specific mass goal for the RSSPC. The preferred type of magnetic bearing is the attraction-force active magnetic bearing. Selection of this bearing type is based on its high stiffness capabilities plus its technical maturity and application experience. The feasibility results reported herein are based on four-sector bearing designs using de bias. With regard to overall RSSPC efficiency improvement, there does not appear to be a significant impetus to use permanent magnet bias, rather than dc bias.
